Multimodular polyketide synthases (PKSs) have an assembly line architecture in which a set of protein domains, known as a module, participates in one round of polyketide chain elongation and associated chemical modifications, after which the growing chain is translocated to the next PKS module. The ability to rationally reprogram these assembly lines to enable efficient synthesis of new polyketide antibiotics has been a long-standing goal in natural products biosynthesis. We have identified a ratchet mechanism that can explain the observed unidirectional translocation of the growing polyketide chain along the 6-deoxyerythronolide B synthase. As a test of this model, module 3 of the 6-deoxyerythronolide B synthase has been reengineered to catalyze two successive rounds of chain elongation. Our results suggest that high selectivity has been evolutionarily programmed at three types of protein-protein interfaces that are present repetitively along naturally occurring PKS assembly lines.
Multimodular polyketide synthases (PKSs) have an assembly line architecture in which a set of protein domains, known as a module, participates in one round of polyketide chain elongation and associated chemical modifications, after which the growing chain is translocated to the next PKS module. The ability to rationally reprogram these assembly lines to enable efficient synthesis of new polyketide antibiotics has been a long-standing goal in natural products biosynthesis. We have identified a ratchet mechanism that can explain the observed unidirectional translocation of the growing polyketide chain along the 6-deoxyerythronolide B synthase. As a test of this model, module 3 of the 6-deoxyerythronolide B synthase has been reengineered to catalyze two successive rounds of chain elongation. Our results suggest that high selectivity has been evolutionarily programmed at three types of protein-protein interfaces that are present repetitively along naturally occurring PKS assembly lines.
A fundamental challenge to our understanding of multimodular polyketide synthases (PKSs) is the ability to explain the unidirectional translocation of growing polyketide chains through these enzymatic assembly lines. The 6-deoxyerythronolide B synthase (DEBS; Fig. 1 ) is arguably the most well studied example of assembly line PKSs (1) (2) (3) (4) . Each module of DEBS has an acyl carrier protein (ACP) that collaborates with the β-ketosynthase (KS) domain of the same module to catalyze a single round of polyketide chain elongation (Fig. 2) . At this point, the ACP-bound intermediate is precluded from back-transfer to the same KS domain and is instead translocated to the KS domain of the downstream module (Fig. 2) .
In the course of our investigations into the mechanism of intermodular chain translocation (Fig. 2, reaction 1 ) and intramodular chain elongation (Fig. 2, reaction 4) within DEBS, we discovered that the specificity of these two reactions is controlled by protein-protein interfaces involving distinct regions of the ACP domain (5) . In the present study, we have used site-directed mutagenesis to identify ACP residues that contribute to the observed specificity. In turn, these residue-level constraints were exploited to validate the proposed structural model for ACP docking during chain elongation (5) , as well as to develop an analogous in silico model for chain translocation. Generalization of these models to three naturally occurring PKSs has revealed a programming pattern that establishes a ratchet mechanism that accurately explains the unique chain translocation pathway of each PKS. As a test of this ratcheting mechanism in PKS assembly lines, we engineered a module of DEBS to iteratively catalyze two successive rounds of chain elongation instead of only one.
Results and Discussion
Identification of ACP Residues That Contribute to Chain Elongation Specificity. All ACPs from fatty acid and polyketide synthases are all-helical bundles comprised of three major α-helices connected by two structured loops (Fig. 3A) . In earlier work (5) we showed that, whereas the ACP domain of DEBS module 3 (ACP3) could not effectively partner with the ketosynthase domain of DEBS module 6 (KS6) to catalyze chain elongation, chimeric derivatives of ACP3 harboring loop I of ACP6 (designated SHIV24) had greater preference for KS6 than for KS3 (Fig. 3B) . Conversely, ACP6 harboring loop I of ACP3 (SHIV29) had greater preference for KS3 than for KS6. The KS preference of a given ACP was quantified using an established radio-thin-layer chromatography assay (a representative example is shown in Fig. 3C ) in which chain elongation is the rate-limiting step (for details, see SI Materials and Methods and Fig. S1A ). We therefore sought to identify specific residues within loop I that contribute to the observed preference. Our starting construct was the previously described AYC79 (5), a derivative of ACP3 harboring the shortest loop I swap that had been shown to cause a reversal of KS-ACP domain-domain recognition during chain elongation, resulting in a preference for KS6. As summarized in Fig. 3D , we have systematically mutated the ACP6-derived residues in the predicted L I loop region of AYC79 back to the corresponding ACP3 residues. Most AYC79 derivatives showed a preference for KS6 identical to that of their parent. However, AYC95 and AYC96 harboring altered residues 44 and 45, respectively, each showed notable shifts in their KS preference. A model explaining these results is presented below.
Identification of ACP Residues That Contribute to Chain Translocation
Specificity. At least two distinct types of protein-protein interactions have been shown to influence intermodular chain translocation in DEBS. On one hand, short peptide sequences flanking the three DEBS proteins (cartooned in Fig. 1 as matching black tabs, also referred to as N-and C-terminal docking domains) permit selective chain translocation between modules 2 and 3 or alternatively modules 4 and 5 (6, 7) . At the same time, direct ACP-KS protein-protein interactions at these intermodular interfaces are also selective (5, 8) . For example, translocation of a representative polyketide intermediate between ACP2 and KS3 is at least 70-fold faster than the same reaction when ACP4 donates the polyketide chain to KS3 (see comparison of ACP2 versus ACP4 in Fig. 4B ). Substitution of a tract of only 10 residues located at the N terminus of helix I of ACP4 with the corresponding 10 amino acid sequence from ACP2 (hereafter referred to as the chain translocation epitope) yielded a chimera with a markedly improved preference for KS3 (Fig. 4 A and B, SHIV64) .
To identify specific residues within helix I that control chain translocation specificity, we have used a mutagenesis strategy analogous to that described above for analysis of chain elongation specificity. As summarized in Fig. 4B , each residue at the N terminus of helix H I , which differentiates ACP4 from ACP2, was mutated. Most such mutants had low activity for chain translocation to KS3 that was comparable to that of wild-type ACP4. In contrast, SHIV72 harboring an E23R mutation showed sixfold higher activity relative to wild-type ACP4, and was therefore identified as a key determinant of KS-ACP recognition during chain translocation.
Models for KS-ACP Recognition During Chain Elongation and Chain
Translocation. In our earlier study (5), we used computational protein-protein docking (9) (10) (11) (12) to derive a model for docking between ACP5 and the core of DEBS module 5 during polyketide chain elongation. Module 5 was targeted for the development of this in silico model because the detailed molecular structure of its core [including the KS and acyltransferase (AT) domains as well as the KS-AT linker, the post-AT linker, and the N-terminal docking domain] has been elucidated by X-ray crystallography (13) . Derivation of the computational model was solely constrained by the requirement that the active site Cys sulfhydryl residue of KS5 be within 25 Å of Ser54, the phosphopantetheine attachment site of ACP5. The resulting model (Fig. 5A ) is entirely consistent with the site-directed mutagenesis results summarized in Fig. 3 , thus highlighting the critical role of residues 44 and 45 in selective intramodular KS-ACP domain-domain interaction. A key feature of our model is that, although the ACP domain from monomer A of the homodimeric module (ACP A ) collaborates with KS B during polyketide chain elongation, it docks in a deep cleft defined by the paired KS A domain, the KS A -AT A linker, and the AT A domain.
We also sought to derive a corresponding model for the intermodular KS-ACP interactions that occur during chain translocation ( (14), also docks in the same deep cleft of monomer A that is bordered by the KS A domain, the KS A -AT A linker, and the AT A domain, but in a position and orientation distinct from that predicted for KS-ACP interactions during intramodular chain elongation. The N terminus of the ACP4 helix I principally interacts with the KS A -AT A linker of module 5 via an electrostatic interaction between E23 on ACP4 and R551 in KS A -AT A linker. Importantly, even though no constraints were enforced on the position of its C terminus, ACP4 is oriented in a manner consistent with its covalent connection to the structurally characterized C-terminal docking domain of DEBS2 (15) (Fig. S2 ) via a naturally occurring seven-residue sequence. In contrast, if the same ACP were forced to assume the docking orientation that is utilized for intramodular chain elongation (Fig. 5A) , it would then no longer be capable of covalent connection to the C-terminal docking domain of DEBS2 due to the insufficient length of the seven-residue linker between these two domains (Fig. S2) . Superposition of the individual docking models for chain elongation and for chain translocation highlights the distinctions between the two different ACP-KS domain-domain interfaces (Fig. 5C ).
A Model for Unidirectional chain Translocation in Multimodular PKSs.
An absolutely essential feature of multimodular PKSs is their ability to process growing polyketide chains unidirectionally by a programmed series of alternating chain elongation and chain translocation events. Chain elongation is catalyzed through a partnership between the KS and ACP domains housed within the same module. The resulting ACP-bound intermediate is precluded, however, from intramodular back-transfer to the same KS, in contrast to the mode of action of iterative PKSs and the closely related fatty acid synthases. Instead, vectorial chain growth requires that the product of chain elongation be translocated, either directly or after suitable processing by any accessory domains within the same PKS module, onto the KS domain of the immediately downstream mod- Fig. 1 . Modular organization of the 6-deoxyerythronolide B synthase. Organized into three homodimeric polypeptides (DEBS1-3), DEBS consists of six modules, each containing a unique set of covalently linked domains. Noncovalent interactions localized to the termini of each polypeptide (matching black tabs) play an important role in chain translocation between modules 2 and 3 and modules 4 and 5. Together, the six modules of this assembly line utilize one propionyl-CoA-derived primer and six methylmalonyl-CoA-derived extender units to synthesize 6-deoxyerythronolide B (6-dEB). DH, dehydratase; ER, enoylreductase; TE, thioesterase; LDD, loading didomain. KR°in module 3 is inactive. The phosphopantetheine prosthetic group of the ACP is shown as a wavy line. (4) The KS domain then catalyzes chain elongation via decarboxylative condensation, leading to the formation of an ACP-tethered β-ketoacyl product. The oxidation state and stereochemistry of this product is then set by an appropriate combination of KR, dehydratase, and enoylreductase domains (not shown). Eventually, the chain is translocated to the downstream KS as in 1, although it is never translocated back to its own KS.
ule in the PKS assembly line (Fig. 2) . Having identified distinct protein interfaces that control chain translocation versus chain elongation, we sought to determine whether DEBS and other related PKSs have exploited this distinction to ensure unidirectional polyketide processing. Specifically, we wished to test whether the chain translocation docking sites on the ACP domains of consecutive modules have been evolutionarily precluded from both interacting with the same KS domain.
Toward this end, we assumed that any solvent-exposed residue along the N terminus of the predicted helix I of an ACP domain should in principle be able to engage in a noncovalent interaction that might facilitate chain translocation. For example, as shown above, residue 23 (DEBS ACP2 numbering) (16) contributes significantly to the differentiation between ACP2 and ACP4. Because residues 15, 19, and 26 are located one or two helix turns above or below residue 23, they are also well positioned to interact with potential [KS] [AT] partners. In fact, examination of the corresponding sets of four residues on helix I of successive ACP domains in several PKSs revealed a striking pattern. As summarized in Fig. 6 A-C for the ACP domains of three PKS systems-DEBS, MEGS (the megalomicin PKS, a distinct PKS that also synthesizes 6-deoxyerythronolide B; ref. 17) , and TYLS (the tylosin PKS, which synthesizes tylactone; ref. 18)-in each case, the steric and/or electrostatic features of residue 23 are markedly different for nearly all ACP n-1 − ACP n pairs. In ACP pairs derived from successive modules in which residue 23 is relatively conserved, the other three pairs of residues are markedly different. Thus, consecutive ACP domains may be distinguished based on a 4 . Identification of residues that contribute to KS-ACP specificity during intermodular chain translocation. (A) KS-ACP specificity during chain translocation between DEBS modules 2 and 3. Whereas ACP2 and KS3 are effective partners, ACP4 cannot substitute for ACP2 in this reaction. However, a chimeric derivative of ACP4 (SHIV64), in which the first 10 residues of H I were replaced with their counterparts from ACP2, led to substantial improvement of its ability to partner with KS3 for chain translocation. (B) Site-directed mutagenesis of SHIV64. Chain translocation activity of each mutant is normalized to that of ACP4. For the activity assay, see SI Materials and Methods. Red, ACP2-derived sequences; green, ACP4-derived sequences. All constructs contain the C-terminal sequence of ACP2 that docks onto an N-terminal coiled-coil on module 3, and is essential for efficient intermodular chain translocation (6 (Fig. 6A) . Thus, it appears that, notwithstanding their variable sequences, the chain translocation docking sites on the [KS] [AT] core of individual modules have evolved to recognize the ACP domain of the upstream module, in preference to the ACP from within their own module. Matching of the chain translocation epitope between ACP n-1 and KS n permits forward translocation of the polyketide chain (Fig. 2, reaction 1) . After the subsequent chain elongation reaction (Fig. 2, reaction 4) , back-transfer of the ACP n -tethered polyketide to KS n is precluded due to a mismatch in the chain translocation epitopes of ACP n and KS n . This pattern of programmed protein-protein recognition establishes a previously unsuspected ratchet mechanism that ensures orderly transport of the growing polyketide chain along the PKS assembly line (Fig. 6D) .
A notable exception to the divergence at residue 23 between consecutive ACP domains is the presence of an E23 residue in both DEBS ACP3 and ACP4 (Fig. 6A) . This observation might suggest that the product of module 4 could be transferred back to its own KS. Indeed, the iterative action of DEBS module 4 has been reported, albeit as a rare event (20) . This low frequency of back-transfer might be explained by the observation that the three residues located immediately above and below E23 on helix I differ between the ACP3 and ACP4 domains. We also note that the equivalent pair of residues have diverged between ACP3 and ACP4 of MEGS (Fig. 6B) , and that back-transfer of the product of module 4 has not been reported for this PKS.
Reprogramming Module 3 of DEBS for Iterative Chain Elongation. A corollary of the above model for unidirectional chain growth is that helix I of any ACP domain (designated ACP n ) within a PKS assembly line is unable to dock onto the [KS] [AT] didomain of its parent module (module n), thereby preventing back-transfer of the newly elongated polyketide chain into the active site of its natural KS chain elongation partner (KS n ). Iterative use of one or more modules in a PKS would cause the chain length of the resulting polyketide to exceed the total number of modules. Although programmed iterative use of modules has been observed in very rare cases (21) (22) (23) , the vast majority of individual PKS modules that have been discovered or reconstituted to date catalyze one and only one round of chain elongation.
To test our ratchet model for successive ACP-KS recognition, we sought to redesign DEBS module 3 to enable it to catalyze an iterative chain elongation (Fig. 7) . As previously reported, upon presentation with a KS3-bound electrophilic substrate that mimics the natural diketide normally synthesized by DEBS module 1, wild-type ACP3 with a bound nucleophilic component derived from methylmalonyl-CoA participates in a single round of chain elongation (Fig. 7A) . Furthermore, in a reconstituted system containing recombinant KR2, the ketoreductase domain derived from DEBS module 2, and added NADPH, the initially generated ACP3-bound 3-ketoacyl triketide is diastereospecifically reduced to yield an ACP3-bound intermediate that is identical in structure and stereochemistry to the natural substrate of DEBS module 3 (24) . Notwithstanding this identity, the wild-type ACP3 does not appreciably back-transfer the attached triketide to KS3 (Fig. 7B, lane a) . By replacing the natural ACP3 domain with an engineered derivative (SHIV78, indicated as ACP3* in Fig. 7A ; see SI Materials and Methods for sequence), in which the N terminus of helix I had been swapped with the corresponding helix I sequence from ACP2, we have found that the reconstituted [KS3]
[AT3], SHIV78, KR2 plus NADPH system can catalyze two rounds of chain elongation to yield a new tetraketide product, as determined by liquid chromatography (LC) high-resolution mass spectroscopy [calculated mass of 3-keto-5,7-dihydroxytetraketide tethered to the tryptic ACP3 peptide 1,138.551 (z ¼ þ2); observed 1138.549] (25) (Fig. 7 B, lane b, and C) , and supported by the observation of the characteristic phosphopantetheine ejection fragment, [calculated mass of the pantetheinyl fragment corresponding to the 3-keto-5,7-dihydroxytetraketide 489.263 (z ¼ þ1); observed 489.264. See Fig. S3 ] in the derived MS 2 spectrum (26) . Interestingly, the corresponding pentaketide or longer chain products that would be derived from additional chain elongation cycles could not be detected. Kinetic analysis also verified that the relative rate of chain translocation between SHIV78 and [KS3][AT3] was at least 125-fold higher than the corresponding rate between the natural ACP3 and [KS3][AT3]. Thus, by rational engineering of helix I of the ACP domain, we have demonstrated that an intrinsically noniterative PKS module can be reprogrammed to catalyze an additional round of iterative chain elongation.
Conclusion
Understanding the mechanism by which ACP-bound intermediates sequentially access the active sites of successive KS domains is arguably the most fundamental remaining challenge in the study and engineering of assembly line PKS enzymology. We have now shown that at least two distinct protein-protein interactions mediate protein-substrate recognition and processing during intermodular chain translocation-interactions primarily between the C-and N-terminal docking domains (6, 7) of the donor ACP and the acceptor KS domains, and those between the surface of the upstream ACP itself and the downstream KS domain with its appended AT domain and KS-AT linker (8) . The former interactions between paired docking domains have been extensively studied and shown to be both architecturally as well as functionally modular (6, 7, 15) . In contrast, a general model of ACP-KS protein-protein recognition has proven elusive. Consequently, imperfect KS-ACP interactions between heterologous modules have precluded efficient reprogramming of PKS assembly lines intended to produce unnatural polyketide analogues even when the docking domains were properly matched (2, 27) .
Here we have proposed a simple model for ensuring unidirectional growth of a polyketide chain as it is processed on a PKS assembly line. Our model rests on two hypotheses, both of which have been clearly rationalized from a structural standpoint and then experimentally tested. First, three distinct types of proteinprotein interactions are proposed to play critical roles in the overall PKS catalytic cycle: (i) interactions between an ACP helix I and the catalytic core of a module; (ii) interactions between short intermodular docking domains; and (iii) interactions between ACP loop I and the catalytic core of the module. The first two types of interactions influence the specificity of intermodular chain translocation, whereas the third interaction affects the specificity of intramodular chain elongation. Second, naturally occurring PKS systems have evolved such that helix I of any ACP domain is preferentially recognized by the catalytic core of the next module in the assembly line rather than by the catalytic core of its own module. Taken together, these two hypotheses suggest that a ratchet mechanism of KS-ACP interactions precludes iterative use of any single module during the overall catalytic sequence of reactions. This ratchet model should be useful for the rational design of chimeric assembly lines in which PKS modules from heterologous sources can be recombined in a predictable and controlled manner. It may also be useful for reprogramming of selected modules that are found in natural assembly lines in order to purposely catalyze iterative chain elongation, in a manner exemplified by the above-described experiments with the domains of DEBS module 3. Importantly, both envisioned applications rely upon engineering a specific universally conserved secondary structural element in the ACP domain, and thus meet the requirements of architectural as well as functional modularity (2) .
Notwithstanding the promising implications for rationally guided biosynthetic engineering, our findings also highlight a number of still unexplained properties of PKS modules that warrant further investigation. As seen in Fig. 7 , only one additional iterative round of chain elongation is catalyzed when the KS3 domain of DEBS module 3 is combined with the rationally engineered ACP3 (SHIV78) harboring the helix I sequence from DEBS ACP2 to permit back-transfer of the initially formed chain elongation product to the KS3 domain. Moreover, the added KR2 domain appears to reduce only the 3-ketoacyl-triketide ACP3 intermediate that is generated during the first, normal round of chain elongation, with the second round terminating in formation of the unreduced 3-ketoacyl tetraketide intermediate. The simplest explanation for only a single iteration is that the triketide may be the longest substrate that can be accommodated in the KS3 active site. This hypothesis would be consistent with the well-established mechanism for chain length control by iterative (type II) PKSs (28) . Alternatively, the tetraketide may be back-transferred to KS3, but fail to undergo another round of chain elongation, also observed in prior studies on DEBS module 2 in which di-and triketide substrates could be loaded onto the KS domain but could not undergo subsequent chain elongation (29) . Notably, such an abortive back-transfer would be expected to result in eventual inactivation of the KS3 domain by the deadend intermediate. Similarly, the KR2 domain may be unable to process tetraketide or longer substrates, analogous to the previously observed strict specificity of the KR1 domain for only 3-ketoacyl-ACP diketide substrates (30) . If these observations are general, then large-scale reprogramming of PKS assembly lines will require consideration of the intrinsic substrate tolerance of both KS and KR active sites in choosing heterologous modules that could be combined to yield unique catalytic cycles.
Materials and Methods
SI Text includes a detailed description of the experimental procedures for the engineering (Tables S1 and S2 ) and expression of proteins, the assay for chain elongation activity, the assay for chain translocation activity, the molecular docking simulations (Fig. S4) , the assay for iterative chain processing, and the LC-MS analysis of ACP-bound polyketide products.
